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Glycosylation is the most common post-translational modification affecting protein 
activities, including delivery to cell surface, binding affinity, and mediating different 
physiological effects.  Separations of glycoproteins and their glycoforms are essential for 
drug discovery and development, identification of potential disease biomarkers and quality 
control. The efficiency of glycoprotein separations is limited by the bonded phases, 
requiring advances in chromatographic materials. Such advances would improve 
resolution, allowing for more species to be isolated from a mixture and studied. 
Our group found that submicrometer nonporous silica stationary phases with tethered 
polymer chains (acrylamide) give excellent hydrophilic liquid chromatography (HILIC), a 
common method used in glycosylation analysis. These columns are limited by lack in 
reproducibility and stability.  A new method to make polymer bonded phases to give more 
reproducible, stable, and higher efficiency HILIC columns for glycoproteins is evaluated. 
In this new method the polymer is grown on the silica surface bearing an initiator whilst 
inside the chromatographic column, rather than the conventional method of packing 
particles that are already modified. Compared to columns packed with previously modified 
particles, in-column modification showed overall higher column efficiency and stability 
for intact ribonuclease B and its glycoforms. 
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CHAPTER ONE:  INTRODUCTION 
 
  
1.1  Glycoproteins 
Protein glycosylation is one of the most diverse forms of post-translational 
modifications widely observed in cell lines.[1-4] Glycoproteins are characterized by 
carbohydrate structures linked to protein backbones. The most common glycosylation sites 
reside on either asparagine, serine and/or threonine amino acids. Glycosylation occurring 
on asparagine is termed N-glycosylation while that occurring on serine and/ or threonine 
is termed O-glycosylation. The carbohydrate structures, also known as glycan’s, create 
flexibility for the cell to produce a wide variety of glycoproteins that have a large  range of 
biological roles.[1] These roles range from folding, delivery to cell surface, binding affinity, 
and mediating different physiological effects.[1]  
The site of glycosylation and carbohydrate structure can be characteristic of a class of 
glycoproteins. One important class is comprised by immunoglobulins (IgG). IgGs are 
crucial N-linked glycoproteins produced by plasma cells and utilized by the immune 
system to recognize and neutralize harmful pathogens such as bacteria and virus. These 
characteristics make IgG’s useful biopharmaceutical products. The structural diversity of 
glycosylation means that it is important to monitor the glycosylation of biopharmaceuticals 
to ensure the safety and efficacy of protein drugs.[5-7]
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Another important N-linked glycan is prostate specific antigen (PSA). PSA is a 
glycoprotein present in men’s prostate and has been indicated as a potential biomarker for 
prostate cancer. This is due to the observation of changes in PSA’s glycosylation pattern 
during disease progression.[8] It has been shown that in the presence of prostate cancer the 
number of N-linked glycans, mannose, fucose, and sialic acid, can vary from that in a 
healthy prostate.[9] Variations in glycosylation patterns has also been noted in breast, 
ovarian, and liver cancer.[9-12] For these reasons, along with glycosylated protein drugs, 
monitoring protein glycosylation is crucial. One of the most powerful methods to monitor 
protein glycosylation is through liquid chromatography mass spectrometry. 
 
1.2 Glycoprotein Analysis 
 
1.2.1  Chromatography 
Chromatography is a powerful analytical tool that is utilized to separate compounds in 
a mixture into individual components to be investigated. This is crucial for glycoprotein 
drugs and potential biomarkers. There are many forms of chromatography; liquid, gas, ion-
exchange, and affinity. All forms of chromatography employ the same basic principle: 
separation of analytes of a mixture by their difference in affinity for two different phases, 
the stationary phase and the mobile phase.  
The stationary phase is typically housed in, a glass tube, or column made of a vast array 
of materials including metals and plastics. The stationary phase interacts with the analyte 
to retain it. The mobile phase, is typically a gas or a liquid that moves analytes throughout 
the container that houses the stationary phase. Separation is achieved by the individual 
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analytes in a mixture retaining on the stationary phase for different time frames; thus, 
compounds elute at different rates and can be individually studied.  
 
1.2.2  Liquid Chromatography 
High Performance Liquid Chromatography (HPLC) is one of the most useful 
chromatography techniques used to evaluate proteins. HPLC comprises  a high pressure 
pump that drives the analyte in the mobile phase through the chromatographic column; an 
injector that introduces the analyte to the column; and a detector that records the individual 
analytes as they emerge from the column at different retention times. A general outline of 
a HPLC system is described in Figure 1.1.  
 The stationary phase of the HPLC column interacts with a characteristic of a protein 
or mixture of interest to retain it. The stationary phase can be charged as in ion-exchange 
chromatography (IEX) which is useful for charged proteins. Nonpolar phases utilized in 
reverse phase liquid chromatography (RPLC) are used to separate nonpolar compounds 
and this is the most widely used form of chromatography. In contrast, polar phases, utilized 
in hydrophilic interaction liquid chromatography (HILIC) offers an advantage over RPLC 
as it is selective to polar compounds, those not retained in RPLC, such as glycoproteins.[1] 
Due to the hydrophilicities of carbohydrate side chains, HILIC is the HPLC technique 






1.2.3  Mass Spectrometry 
To characterize glycoproteins, following HPLC separation, HPLC is typically coupled 
to mass spectrometry due to its sensitivity, resolution, and high throughput.[13] Mass 
spectrometry is typically employed to study glycoproteomics and/or glycomics via bottom-
up, top-down, or glycan analysis.[4] In bottom-up proteomics a protein mixture is digested 
with trypsin into peptides that are analyzed via LC-MS/MS. This method provides 
structural information and sequence confirmation.[14] However, structural information 
about isoforms and post translation modifications are lost.[15, 16]  
Top-down proteomics was introduced as an alternative to circumvent these drawbacks 
by offering the advantage of directly analyzing intact protein mixtures that are less complex 
than peptide mixtures. In top-down analysis the intact proteins in a mixture are separated 
via LC prior MS/MS. Analysis of the entire protein results in full sequence coverage and 
the ability to investigate the site of and characterize post translational modifications 
(PTM).[15]  
Cleaved glycans, released via the enzyme PNGase F, are most commonly used in LC-
MS/MS applications to investigate glycosylation through the isolation of the carbohydrate. 
This allows for simple characterization of the glycan structure. However, the site of PTMs 
are lost along with full sequence coverage. Thus, the ability to separate intact glycoproteins 
via top-down analysis would introduce a beneficial alternative than the typical glycan and 






1.2.4  Intact Glycoproteins 
Top-down analysis has been shown to have promising applications for intact 
glycoproteins. Tetaz et al was one of the first to introduce the use of HILIC for the study 
of intact glycoproteins.[17] Tetaz demonstrated the separation of three different 
glycoproteins, human apoA-I, human apoM, and cytochrome c, on five different 
commercial HILIC columns.[17] Overall the commercial columns suffered from limited 
selectivity and small pore size of the stationary phase. Thus, improvements in the HILIC 
stationary phase is necessary to advance intact glycoprotein separations.[18]    
 
1.3  Hydrophilic Interaction Liquid Chromatography (HILIC) 
 
1.3.1  Hydrophilic Interaction Liquid Chromatography (HILIC) Overview 
To improve the stationary phase of hydrophilic interaction liquid chromatography 
(HILIC) columns, it is important to consider the principles underlying HILIC. The first use 
of HILIC for carbohydrate analysis was introduced in 1975[19], although the name HILIC 
was not coined until 1990 by Alpert.[20] HILIC emerged as a key tool to separate 
glycoproteins as an alternative to normal phase chromatography (NP). The boundary 
between HILIC and NP chromatography has historically been blurred because like HILIC, 
normal phase chromatography also utilizes a polar stationary phase. NP differs from HILIC 
by the use of a solely organic and salt mobile phase, whereas,  HILIC utilizes a small 
portion of water in its mobile phase and does not utilize salt .[21] The use of a solely organic 
mobile phase limits NP due to the low solubility of polar analytes and the use of salt 
interferes with mass spectrometry increasing the S/N ratio.[21] 
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Although HILIC mobile phase is largely organic (> 70 % Acetonitrile), the mobile 
phase contains a small percentage of aqueous buffer, offering several benefits over NP 
chromatography. The inclusion of water and elimination of salt, increases the solubility of 
the mobile phase towards polar analytes and is more compatible with mass 
spectrometry.[22].The large organic portion of the mobile phase also has its benefits by 
promoting higher LC-MS sensitivity and faster separations due to lower back pressures 
and viscosity. [23-26]  
 
1.3.2  HILIC Mechanism 
HILIC can be described as the opposite of reverse phase chromatography, which 
utilizes a nonpolar stationary phase for the retention of nonpolar analytes. In RPLC of 
proteins, the mobile phase is largely aqueous. In contrast HILIC utilizes a polar stationary 
phase where water is a smaller portion of the mobile phase. In HILIC the aqueous mobile 
phase forms an aqueous layer over the polar stationary phase. This hydrated phase allows 
polar analytes to preferentially partition into the aqueous rich layer. Selectivity is based on 
hydrophilic partitioning, hydrogen bonding, and electrostatic interactions.[22] Hydrogen 
bonding and electrostatic interactions occur when the analyte partitions into the aqueous-
rich layer and interacts with the polar or ionized functional groups of the stationary phase. 







1.3.3  HILIC Stationary Phases 
In theory, any polar chromatographic material can be considered for its use as a HILIC 
stationary phase. Historically, HILIC stationary phases have consisted of bare silica and 
modified silica with polar functional groups. In 1975 Linden et al. introduced the first 
generation of HILIC mode separations of carbohydrates on an amino-silica column. [19, 27] 
Later in 1985, Tosoh corporation introduced the second generation of HILIC columns with 
the TSKgel Amide 80 column which has nonionic amide groups chemically bonded to the 
silica surface.[27]  
 
1.3.3.1 Bare Silica  
Unmodified bare silica and silica gels utilized as HILIC stationary phases can be 
divided into three groups, type A, B, and C. Type A silica gels are formed by precipitation 
of silica from silicate solutions. They are acidic by nature and form complexes with 
chelating solutes, thus are useful when strong acid retention is desired.[27] Type B silica 
gels are formed via aggregation of silica sols in air. They differ in having a high 
concentration of silanols on the surface, as opposed to siloxane groups. They are more 
stable at intermediate and higher pH values (up to at least pH 9), providing better 
separations of basic analytes.[27, 28] Type C silica gel, most commonly utilized, contain 
hydrosilated surfaces with nonpolar silicon hydride Si–H groups making  the surface less 
polar than type A and B gels.[27, 29] Type C silica gels can be used to separate acids or bases 
in HILIC mode that contains a buffered mobile phases containing more than 50–70% 




1.3.3.2 Chemically Modified Silica Bonded Phases 
Chemically modified silica bonded phases typically utilize diols, amino, amide, and 
zwitterionic sulfoalkylbetaine functional groups. Diols demonstrate high polarity and 
hydrogen bonding properties.[27, 30] Bonded amino-silica show strong retention of acidic 
compounds with the drawback of irreversible adsorption.[27, 31] Zwitterionic stationary 
phases contain both strong acidic sulfonic acid and strong basic quaternary ammonium 
functional groups providing an ion-exchange HILIC surface. Polymers have also been 
utilized as chemically modifications for HILIC stationary phases, and is the choice of 
HILIC surface utilized in this work.[18]   
 
1.4 Polymers as Separation Media and Atom Transfer Radical Polymerization 
(ATRP) 
 
Polymers have been used for protein separation media since the mid 20th century due 
to their stability, molecular weight control, and unique properties.[32, 33] One of the earliest 
and most ubiquitous use of polymers in protein separations is used in gel electrophoresis: 
cross-linked polyacrylamide (PAAm).[33] Later the use of polymers extended to various 
applications, including HPLC bonded phases.[34-36] Synthesizing polymers with control of 
chain length and molecular weight distribution has always been a challenge, presenting a 
need for controlled polymer growth. Atom transfer radical polymerization (ATRP) was 
introduced by Matyjaszewski et al in 2001 to meet this need.[32, 37, 38] 
ATRP is a controlled living free radical polymerization method.[32] It is also a radical 
propagation reaction that relies on a monomer, initiator transferrable halogen, and a metal 
catalyst.[32] The monomers typically used in ATRP include styrenes, methacrylates, and 
acrylamides. Each monomer possesses its own radical propagation rate. The initiator is 
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typically a halogen and its role is to determine number of polymer chains that grow.[32] Fast 
initiation and negligible transfer and termination results in a constant number of growing 
polymer chains that are equal to initial initiator concentration.[32] The catalyst, most 
commonly a copper (I) complex, is the most important component in ATRP since it 
controls the reaction rate.[32]   
 
1.4.1 ATRP Mechanism 
The mechanism of ATRP relies on a dynamic equilibrium between small amounts of 
propagating radicals and large amounts of dormant species.[39] The propagating species Pn· 
are generated by a redox reaction that is reversible. This reaction is catalyzed by a transition 
metal, which is most commonly a copper salt. The copper salt is typically referred to as the 
activator. The activator undergoes the inner-sphere one-electron oxidation with abstraction 
of a radically transferable halogen atom from the dormant species PnX.[39] As the reaction 
progresses the oxidized metal complex reacts reversibly with the growing radicals to 
reform the dormant species and activator. [39]  The name ATRP originates from an atom 
transfer step that is key to the reaction as this step initiates polymerization and gives 
uniform chain growth .[32]  
 
1.4.2 Limitations of ATRP 
 
Even though ATRP has been successfully utilized to control polymer growth and 
molecular weight distribution, ATRP has practical drawbacks. Namely the use of the 
lower oxidation transition metal catalyst, which can be easily oxidized to a higher 
oxidation state in the presence of oxygen.[39]  This limitation, results to the need to use 
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delicate and tedious handling procedures where oxygen must be removed from the 
system prior the addition of the catalyst. [39] The practice of using deoxygenated 
environment proves to be challenging, and is a potential impediment to manufacturing 
columns.   
 
1.5 Activator Generated by Electron Transfer for Atom Transfer Radical Polymerization 
 
Activator generated by electron transfer for atom transfer radical polymerization 
(AGET ATRP) was created to circumvent the limitations of ATRP, by introducing a new 
method for the formation of an active catalyst.[34, 39, 40] This new method utilizes electron 
transfer rather than organic radicals that are unstable. In this new system the activation of 
the ATRP catalyst is done by mixing a stable, higher oxidation transition metal, Cu(II), 
with a reducing agent, typically sodium ascorbate, which reduces some Cu(II) to Cu(I) in 
situ.[39, 41] Adding this more stable catalyst complex to the reaction mixture eliminates the 
need for a deoxygenated environment, allowing simpler handling procedures. The 
creation of the simpler controlled living radical polymerization reaction, AGET ATRP, 
opened the door for simpler polymer modification applications, one being AGET ATRP 
of acrylamide onto silica colloidal crystals. [18, 42] Such materials are potentially useful 
bonded phases for HILIC analysis of glycoproteins.  
 
1.5.1  Improvements in HILIC Stationary Phase: Surface Initiated Activator Generated 
Electron Transfer Atom Transfer Radical Polymerization (SI AGET ATRP) 
 
In the past, planar surfaces were used for ATRP applications, however, recently high 
surface area silica colloidal crystals have been explored.[35, 36] Wirth and coworkers 
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demonstrated in 2013 that ATRP of acrylamide (AAm) could be used for hydrophilic 
interaction liquid chromatography (HILIC) for the separation of intact glycoproteins on 
polyacrylamide (PAAm) modified silica colloidal nanoparticle crystals, Figure 1.2.[18, 43-45] 
The use of the ATRP PAAm modified particles yielded a two-fold higher resolution when 
compared to commercial columns explored by Tetaz et al , proving the particles  impact in 
glycoprotein analysis.[18] The ATRP method  has its limitation with respect to oxygen 
sensitivity, as previously mentioned. Thus, AGET ATRP was explored as a beneficial 
alternative.[42] When comparing the separation of the glycoprotein Ribonuclease B on 
columns developed with PAAm bonded phases modified via ATRP versus AGET ATRP, 
the resolution is comparable.[42] This result demonstrated that AGET ATRP can be utilized 
for the development of our PAAm HILIC columns.[42] 
 
1.6  Packing AGET ATRP PAAm Modified Particles 
 
1.6.1   Sub-micron Nonporous Silica Colloidal Particles 
For decades, colloidal silica has been utilized as a novel material due to the controlled 
size and low polydispersity. [46, 47] These characteristics make silica colloidal nanoparticles 
useful for chemical and protein separations in liquid chromatography.[47]  As the field of 
liquid chromatography progress towards faster separations and ultra-high performance 
liquid chromatography (UHPLC), colloidal silica became more desirable. The use of sub-
2 μm particles were demonstrated in  reversed-phase liquid chromatography (RPLC) to 
deliver improved speed and resolution.[47, 48],[49],[50] Later Wirth et al utilized nonporous 
sub-micrometer silica particles in hydrophilic interaction liquid chromatography for 
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improved speed and resolution as well.[18] The improvement gain by using smaller particles 
is well  explained by the contribution of the particle diameter, dp, to plate height, H,  in the 
Van Deemter equation.[48]  The smaller the plate height, H, the better the separation 
efficiency. The Van Deemter equation is presented and explained bellow; 
H =  A + B /v + Cv  (1) 
A is eddy diffusion, representing the multiple paths through a packed column. 
Compared to porous particles, nonporous particles present a more homogeneous path for 
an analyte to travel due to lower polydispersity. The result is a lower A term. The A term 
is proportional to particle diameter.  
A = 2λdp 
In this equation, λ is the packing factor [47] . The packing factor is related to particle 
diameter, distribution of particle size and packing quality. The smaller the dp, the lower the 
A term.  The B term is inversely related to linear velocity and describes longitudinal 
diffusion experienced by the analyte in the column. Diffusion is small for proteins. Dm 
describes the diffusion coefficient of an analyte and γ is the obstruction for analyte 
diffusion.  
B = 2γDm 
The C term, describes mass transfer and results from non-equilibrium of analyte between 
the mobile and stationary phases. For nonporous particles, the C term can be broken down 
into Cm for the mobile phase contribution and Cs for the stationary phase contribution.  
Nonporous particles exclude intraparticle diffusion, reducing the C term and allowing 
faster separations.  
C = Cm + Cs 
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1.6.2   Packing and its Limitations 
Wirth demonstrated that packing reverse phase nonporous silica colloidal crystals in 
capillaries produce extremely uniform packing, evident by the colloidal crystal structures 
formed and sub-micron plate heights. [48, 51] This results supports the use of sub-micrometer 
nonporous silica particles in UHPLC columns. One application, previously demonstrated 
was the use of AGET ATRP PAAm modified silica colloidal nanoparticles for HILIC 
analysis of glycoproteins. In this application PAAm modified silica were packed into 
UHPLC stainless steel columns.[42]  
A UHPLC column packed with PAAm on the particle surface has several practical 
issues. Previously, it was shown that a PAAm layer grown on 700 nm silica particles swells 
from 1 nm to 17 nm in thickness when introduced to water. When packed into an UHPLC 
column the bulky PAAm functional groups expand in the water solvent, limiting the 
contact of the silica foundation.[44] The bulky particle polymers may also act as a non-
Newtonian fluid, limiting packing reproducibility. These phenomena result in less 
homogenous paths and optimal column to column reproducibility, resolution, and stability 
is not reached, Figure 1.3. Thus, it is crucial to investigate methods to further improve 









1.7   Thesis Overview 
This thesis work is devoted to investigating methods to further improve resolution and 
column stability for AGET ATRP for PAAm HILIC columns, with application to intact 
glycoproteins. The first Chapter is an overview of glycoproteins and the techniques utilized 
to analyze glycoproteins. HILIC is discussed as the common method for glycoprotein 
analysis along with the polymerization method of designing HILIC particles used in this 
work. The limitations of packing conventional HILIC particles are discussed which lead to 
a need for improvements for HILIC column development.  
In the second chapter, conventional HILIC UHPLC columns packed with free particles 
are explored. These columns were prepared by packing sub-micrometer silica particles 
modified with a brush layer of polyacrylamide under high pressure. The particle 
preparation and modification, and packing methods are descried. These columns are termed 
“free particle” columns. Ribonuclease B was utilized as the model protein for glycoprotein 
analysis. To investigate column to column reproducibility nine columns were evaluated. 
To investigate column stability, the columns were evaluated at different flow rates. The 
conventional free particle packed columns were found to be limited by column to column 
reproducibility and column stability at high flow rates.  
In the third chapter, a new method for developing HILIC columns is introduced as a 
solution to alleviate the degradation of the HILIC columns at a high flow rate and improve 
column to column reproducibility. To remedy the issues of the conventional packing 
methods a two-step process was developed. First, the particles that have smaller functional 
groups are packed. Second, the polymer is grown on the densely packed foundation, 
increasing pore homogeneity and avoiding polymer compression between particles, Figure 
15 
 
1.3. The columns presented are coined in-column AGET ATRP modification, “ICAAM” 
columns.  
In the fourth chapter, future directions of in column modifications is discussed. It 
presents the exploration of the in-column modification method for anion exchange (AEX) 
and hydrophobic interaction chromatography (HIC) columns in hopes to improve 
resolution and column stability for the advancement in charge variant and native protein 
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Figure 1.2: Hydrophilic interaction liquid chromatography utilizes a polar stationary 
phase, opposite of reverse phase. The stationary phase becomes hydrated with water 
allowing polar analytes to preferentially partition into the aqueous rich layer. Selectivity 

















Figure 1.3: Black represents the benzyl chloride monolayer and orange represents the 
polyacrylamide brush layer. The bulky polymer between the pre-modified particles packed 
into the free-particle column lessens packed bed homogeneity and acts as rubber decreasing 
column stability and resolution. This does not occur when benzyl chloride (BC) particles 
are packed and then polymerized in the column. The BC particles are in direct contact, 

















There are concerns that free-particle (FP) columns, packed with pre-modified polymer 
particles, are not reproducible and are limited by poor column stability at high flow rates. 
It is postulated that the bulky polymer characteristic of the particles limits packing 
efficiency and stability. The purpose of the experiments presented in this chapter is to 
investigate conventional polymer modification and packing methods.  
 
2.2 Introduction 
Glycoproteins are proteins with covalently linked oligosaccharide chains, also known 
as carbohydrate branches or glycans.[1] In living biological systems, glycosylation is the 
most common post-translational modification.[2-5] Separation of intact glycoforms, is 
limited by the bonded phase. Advances in chromatographic materials are necessary to 
improve column efficiency towards glycoproteins.  
Our group found that submicrometer nonporous silica stationary phases with tethered 
polymer chains (polyacrylamide) improve the bonded phase of hydrophilic interaction 
liquid chromatography (HILIC) column efficiency towards glycoproteins when compared 
to commercial columns .[6]  The brush layer of polyacrylamide becomes hydrated in water, 
creating a hydrophilic surface. The carbohydrate side chains selectively partition into the 
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aqueous rich layer while the bulk protein is sterically excluding by the PAAm chains. These 
columns are termed “free-particle” columns, denoting the columns are packed with 
particles reacted “freely” in a flask.  
Free particles were initially developed using Atom Transfer Radical Polymerization 
(ATRP), which is limited by the use of a deoxygenated environment, requiring tedious and 
difficult handling procedures. Our lab circumvented ATRP’s limitations by adopting 
Activator Generated by Electron Transfer Atom Transfer Radical Polymerization (AGET 
ATRP), a polymerization method that does not require a deoxygenated environment. A 
past student demonstrated that AGET ATRP free particle HILIC columns preform as well 
as the previous ATRP HILIC columns introduced in literature. To extend the study of 
AGET ATRP free particles, our lab wanted to explore the reproducibility and stability of  
columns packed with such particles. 
 
2.3 Experimental Section 
 
2.3.1  Materials 
Nonporous silica particles (750 nm) were purchased from Superior (Tempe, AZ).  
Empty stainless steel columns (2.1 mm I.D., 3 cm length) and reservoirs (4.6 mm I.D., 15 
cm) and other column hardware were purchased from Isolation Technologies (Middleboro, 
MA). Stainless steel tubing, ferrules, and internal nuts were all purchased from Valco 
Instruments Co. Inc. (Houston, TX). Trichloromethylsilane and 
((chloromethyl)phenylethyl)-trichlorosilane (Gelest, Inc., Morrisville, PA), acrylamide, 
NaAc, Me6TREN, acetonitrile, trifluoroacetic acid (TFA), and Ribonuclease B  (Sigma-
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Aldrich, St. Louis, MO), and CuCl2 (99%; Acros Organics, Morris Plains) were also used. 
All protein samples were prepared in 100% H2O with a concentration of 1 mg/mL 
 
2.3.2 Preparing Silica Colloidal Crystals 
Silica colloidal nanoparticles are the foundation of our labs HILIC columns. Silica 
colloidal crystal are promising for protein separations in liquid chromatography due to their 
controlled size and low polydispersity.[7, 8] Nanoparticles were introduced as a means for 
faster and higher resolved separations.[8-11] Before the purchased silica particles can be 
utilized in chromatographic columns, they must conditioned because they still have 
reactants and solvents inside.   
 
2.3.2.1 Calcining and Annealing Silica Colloidal Crystals 
750 nm nonporous silica particles were prepared to pack into 3 cm stainless steel 
columns for the separation of model protein Ribonuclease B. Prior to packing, 750 nm 
particles were calcined in an oven at 600° C three times. The purpose of calcination was 
demonstrated by Chabanoy et al. as a way to shrink silica particles to stabilize them by 
drying off water ethanol and ammonia trapped inside.[12, 13] Shrinkage of the particles after 
packing would otherwise increase the A terms in the van Deemter equation, increasing 
plate height, H, and decrease resolution, as discussed in chapter one.   
Between each calcination the particles were re-suspended in 200 ml of ethanol in a 500 
ml round bottom flask for 2 hours to break up any particle clumps. After each re-
suspension, the particles were divided into 4 conical vials, centrifuged, the ethanol was 
discarded. The particles were then placed back into the oven. After the final calcination the 
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oven’s temperature was increased to 1050° C to anneal the particles. Annealing the 
particles smooths the surfaces to decrease the number of strongly adsorptive sites.[14, 15] 
 
2.3.2.2  Rehydroxylation 
 After the particles were annealed, they were rehydroxylated. Silica particles ideally 
have hydrosilated surfaces bearing Si-OH groups,[16-18] The annealing converts these to 
siloxane groups (Si-O-Si), which are unreactive toward silanes, thus it is crucial that the 
entire particle surface contains Si-OH functional groups to avoid poor modification and 
peak tailing. 
 
2.3.2.2.1 Rehydroxylation Procedure 
The annealed particles were transferred to a 500 ml round bottom flask and suspended 
in 150 ml of ultra-pure water for 3 hours. 150 ml of nitric acid was slowly added and the 
50:50 water:nitric acid particle solution was sonicated for 5 minutes. The particle solution 
was then refluxed in an oil bath and left overnight. The cooled particle solution was 
transferred into 6 conical vials, centrifuged, and the nitric acid solution was discarded in 
the nitric acid waste. The particles were then rinsed and centrifuged 10 times with ultrapure 
water, vortexing between each rinse. The particles were dried overnight in the 60 degree 
vacuum oven. Dried particles were then re-suspended in 300 ml of ethanol and filtered to 
remove clustered particles. The filtered particle solutions were centrifuged, supernatant 





2.3.2.3 Modifying Particles with Benzyl Chloride Silanes 
 Rehydroxylated particles, also referred to as bare silica particles, are not sufficiently 
biocompatible in their native state. Bare silica has the capability to ionize at above pH 2 to 
carry a negative charge that promotes adsorption of proteins. This characteristic is not ideal 
for HILIC separations. To decrease ionization, particles are typically modified with 
commercially available chlorosilanes that interact with the hydroxyl groups of on the bare 
silica surface to form functional chromatographic bonded phases.  
Chlorosilanes are characterized by a central silicon atom that is attached to leaving 
group(s) and an active functional group or groups. The leaving group of chlorosilanes are 
chlorine atoms, which can be present as one or three types of attachments. Trichlorosilanes 
have better reactivity than mono- and dichlorosilanes because three leaving groups increase 
interactions with the surface hydroxyls of the hydroxylated bare silica.  
The chlorosilanes are typically attached to various functional  -R groups, alkylsilanes, 
aminosilanes, and silanols that tailor the surface of the particle to have the desired 
interaction between particle and protein or act as precursor for further surface 
modifications. The trichloromethylsilane and ((chloromethyl)phenylethyl)-trichlorosilane  
utilized in this chapter act as precursor for the polymerization of PAAm to form the 
hydorphilic free-particle surface.   
Fairbanks et. al. demonstrated the use of trichloromethylsilanes as spacers in 
conjunction with the trichlorosilane containing the main functional group for protein 
interaction to give better surface coverage.[19] Trichloromethylsilane is utilized as a methyl 
spacer in conjunction with ((chloromethyl)phenylethyl)-trichlorosilane, the silane 
containing the active functional group.  
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2.3.2.3.1 Benzyl Chloride Reaction Procedure 
((Chloromethy)phenylethyl)-trichlorosilane, referred to as benzyl chloride, is the 
initiator for the AGET ATRP reaction. To minimize protein interactions with free silanols, 
the rehydroxylated particles were reacted with a mixture of ((chloromethyl)phenylethyl)-
trichlorosilane (BC) trichloromethylsilane (C1). The rehydroxylated particles were first 
humidified under a nitrogen atmosphere, with 50% relative humidity, at room temperature 
for one hour. Humidified particles were suspended in dry toluene in a 250 mL round bottom 
flask containing 2% (v/v) (chloromethyl)phenylethyl-trichlorosilane and 
trichloromethylsilane silanes mixture at a volume ratio of  4:1 respectively. The particles 
were allowed to react overnight under nitrogen on a stir plate overnight. Next the particles 
were rinsed three times with dry toluene, dried for one hour in a 60 °C vacuum oven, and 
then heated for two hours in a 120 °C oven to condense the siloxane bonds.  
 
2.3.2.4 Activator Generated By Electron Transfer for Atom Transfer Radical Polymerization                            
(AGET ATRP) 
 
In a previous paper, our group demonstrated that ATRP of acrylamide could be used 
for hydrophilic interaction liquid chromatography (HILIC) for the separation of intact 
glycoproteins on PAAm modified silica nanoparticles.[6, 20-22] The brush layer of 
polyacrylamide becomes hydrated in water, creating a hydrophilic surface.[6] 
ATRP has practical drawbacks, namely the use of Cu(I), [23-25] which requires a 
deoxygenated environment. Thus Activators generated by electron transfer for atom 
transfer radical polymerization (AGET ATRP) was introduced by Matyjaszewski in 2001 
to circumvent these limitations.[26-28] AGET ATRP utilizes a small amount of a higher 
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oxidation transition metal, Cu(II), and a reducing agent (sodium ascorbate) which reduces 
Cu(II) to Cu(I) in situ.[26, 27] Adding a more stable catalyst complex to the reaction mixture 
eliminates the need for a deoxygenated environment and established simpler and efficient 
handling procedures. 
 
2.3.2.4.1 AGET ATRP Procedure 
Benzyl chloride particles were reacted by ATRP to form a PAAm surface prior packing 
into chromatographic columns. In a 25 mL round bottom flask, 500 mg of benzyl chloride 
particles and 4.4 g acrylamide were suspended under sonication in 20 mL of 75:25 
H2O:IPA. Two other solutions were made: a copper solution containing, 40 mg copper 
chloride and 80 µL tris(2-dimethylaminoethyl)amine (Me6TREN), and a solution 
containing 20 mg sodium ascorbate.  These were prepared in 2.5 mL of 75:25% H2O:IPA. 
Afterwards, the copper/ Me6TREN solution was slowly added to the suspension, followed 
by the sodium ascorbate solution; this vessel was left to react for 55 mins under sonication. 
The particles were then rinsed three times with water and dried in a vacuum desiccator at 
room temperature. Finally, 154 mg of particles were suspended in 3 mL of water as 









2.3.4 Packing Columns 
The packing setup consists of a high pressure HPLC pump that is used to push solvent 
from a reservoir to the column. The column has 0.5 μm stainless steel frits at the top and 
bottom. The top frit is open to allow easy flow of slurry into the column during packing. 
The bottom frit is closed to act as a plug, preventing particles from leaving the column. 
The reservoir is connected to the column with 50 x1 mm stainless steel tubing fitted with 
Valco nuts and ferrules on both ends. 
Prior to packing 3 cm stainless steel columns with 750 nm nonporous silica particles, 
a particle slurry in 3 ml of water was made. The slurry solvent is water because the packing 
solvent is water. The slurry was then sonicated for 2 hours to ensure the particles were well 
suspended in the solvent. To begin packing, the reservoir was then connected to the 
column, completely filled with slurry, capped, and connected to the pump. Then the column 
and reservoir was and placed into an ethanol filled graduated cylinder, which was residing 
in a sonicator. The column and reservoir were sonicated during packing to agitate the 
particles to promote uniform packing. The pump was then set to a flow rate of 0.50 mL/min 
and turned on. The pressure then gradually increased while the column filled with silica 
particles.  
After the entire column is filled, the pressure reaches maximum pressure and the system 
runs for 30 minutes to ensure complete packing. The sonication was then turned off and 
the pressure decreased. The sonicator is turned off while depressurizing to prevent 
disturbing the packed bed. Disturbing the packed bed promotes disorder, decreasing 
column efficiency. Once the packing pump has reached 0 psi, the column is packed again 
for one more packing cycle. The column is than removed and stored. These columns are 
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termed “free-particle” (free-particle) columns, denoting the columns are packed with 
particles reacted freely in a flask 
 
2.4  Analysis 
UHPLC analysis of Ribonuclease B was performed using a Waters Acquity UPLC I-
Class system (Milford, MA) with UV absorbance detection. Free-particle columns were 
both used for separations. Solvent A was water with 0.1% TFA and solvent B was 
acetonitrile with 0.1% TFA. The gradient for each column was 75-60% B in 20 minutes 
(other gradients used can be found in supporting information). Absorbance was detected at 
λ = 215 nm. The flow rates were 100 μL/min and 150 μL/min. The column temperature 
was 30°c and the injection volume was 2 μL. Ribonuclease B, RNase B, was the model 
protein. RNase B is a singly glycosylated protein with an N-linked glycan varying from 
five to nine mannose groups. 
 
2.5 Results and Discussion 
Figure 2.1, depicts AGET ATRP free particles modified with acrylamide. These 
particles have polymer around their entire surface. When packed into a chromatographic 
column, polymer is compressed between particles. We our interested in how reproducible 
and stable chromatographic columns are when packed with such particles. 
Figure 2.2, depicts nine free particle columns packed with free particles. HILIC 
separations of intact Ribonuclease B were performed under the same conditions on each 
column and visible resolution was compared. Out of nine columns evaluated, six columns 
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demonstrated poor resolutions while three columns demonstrated acceptable resolutions, 
indicating that free particle columns are difficult to reproduce.  
It has been noted that colloidal silica nanoparticles modified with polymers resemble 
non-Newtonian fluids in high concentration slurries.[29,30] Non-Newtonian fluids are those 
that change viscosity with shear stress. We speculate that non-Newtonian fluidics impair 
reproducible packing since our slurries are at high concentration. This property may cause 
the polymer particles to cluster while slurry packing, limiting reproducible packing.  Slurry 
packing particles that act less like non-Newtonian fluids could prove to be beneficial to 
increase reproducibility between columns, and is explored in chapter three.  
Figures 2.3, depicts an overlay of the 1st, 20th, and 40th HILIC separations of intact 
Ribonuclease B for free-particle columns at flow rates of 150 and 100 µL/min. 150 µL/min 
was the maximum flow rate attainable by the UHPLC instrument before the maximum 
pressure was reached, thus, 150 µL/min was the maximum flow rate. Forty runs were the 
maximum number of runs that the free particle column could withstand before extreme 
polymer degradation was observed at 150 µL/min, thus this was the number chosen for 
comparison. Figure 2.3A shows that over time resolution significantly decreases for the 
free-particle column at a high flow rate of 150 µL/min. In contrast, at a lower flow rate of 
100 µL/min the resolution and column stability was conserved, Figure 2.3B.  
The decrease in resolution at a high flow rate may be attributed to shearing of weakened 
polymer off the surface caused by deleterious compression of polymer while packing the 
column. At higher flow rates the shear rate will be higher, accelerating degradation. This 





Free-particle columns are limited by column to column reproducibility and the stability 
of the polyacrylamide bonded phase at high flow rates; this is substantiated by the 
progressive decrease in resolution. We hypothesize that these limitations may be attributed 
to packing particles that resemble non-Newtonian fluids and that the particles have unstable 
polymer contacts between them. As a direct result, column to column reproducibility is 
poor and the resolution and column stability decreases overtime at high flow rates. To 
remedy these limitations, a two-step process is considered in chapter three. First, pack 
particles that have smaller functional groups that may behave less like non-Newtonian 
fluids, creating more reproducible packing. Second, grow the polymer on this densely 
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Figure 2.1: Black represents the benzyl chloride monolayer and orange represents the 















































































































































Figure 2.2: Multiple free particles columns packed with AGET ATRP PAAm free 
particles. Gradients for chromatograms are 75-60% B in 20 min at varying flowrates, 



































































Figure 2.3: Overlay chromatograms of the first, twentieth, and fortieth Ribonuclease B 
runs at 215 nm detection λ and calculated sigma values. Gradients for chromatograms 
are 75-60% B in 20 min at varying flowrates, 30°C, and injection volume 2 µL. A) 
Free particle column at 150 µL/min and B) Free particle column at 100 µL/min 
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A new method to make polymer bonded phases results in more stable and reproducible  
HPLC columns for intact glycoprotein separations. Conventionally packed free particle 
columns are packed with pre-modified polymer bonded phases that lower column to 
column reproducibility, column stability, and resolution over time. To solve these 
limitations, acrylamide was polymerized via activator generated by electron transfer for 
atom transfer radical polymerization (AGET ATRP) to submicrometer silica particles 
packed inside a chromatographic column. Since the particles are packed tightly and 
uniformly before polymerization, the columns prove to be more reproducible between 
columns, stable, and provide higher resolution than a conventionally packed free particle 
column. 
 
3.2  Introduction 
Protein glycosylation is a diverse form of post-translational modifications observed in 
cells and is a necessary component for protein activities.[1-4] Separation of intact 
glycoforms is essential for drug discovery and development, identification of potential 
disease biomarkers,[5, 6] and quality control, but is limited by the polymer bonded phase. 
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Advances in chromatographic materials would improve column efficiency allowing more 
in-depth studies of glycoproteins.  
Our lab developed an AGET ATRP polyacrylamide (PAAm) modified free particle 
HILIC column that improves resolution of intact glycoprotein separations.[7] In chapter 
two, free particle columns were evaluated for column to column reproducibility and 
column stability. It was shown that free particles columns exhibit poor column to column 
reproducibility and stability at a higher flow rate. It is speculated that the non-Newtonian 
behavior of the polymer particles[8.9] impair reproducible packing and poor stability may 
be due to polymer shearing off the silica surface causing degradation at high flow rates.  
To remedy these limitations, a two-step process is considered. First, pack benzyl 
chloride particles, the AGET ATRP initiators, that may be less non-Newtonian for more 
efficient and reproducible packing. The benzyl chloride particles have smaller functional 
groups that should cluster less while slurry packing than large bulky polymer particles that 
can easily form clusters.  Second, grow the polymer on this densely packed foundation 
eliminating unstable polymer between particles increasing packed bed stability, Figure 3.1. 
The column introduced is termed “in-column AGET ATRP modification (ICAAM),” 









3.3  Experimental Section 
 
3.3.1  Materials 
Nonporous silica particles (750 nm) were purchased from Superior (Tempe, AZ).  They 
were calcined at 600°C for twelve hours, then annealed at 1050° for three hours. Empty 
stainless steel columns (2.1 mm I.D., 3 cm length) and reservoirs (4.6 mm I.D., 15 cm) 
were purchased from Isolation Technologies (Middleboro, MA). Stainless steel tubing, 
ferrules, and internal nuts were all purchased from Valco Instruments Co. Inc. (Houston, 
TX). Trichloromethylsilane and ((chloromethyl)phenylethyl)-trichlorosilane (Gelest, Inc., 
Morrisville, PA), acrylamide, NaAc, Me6TREN, acetonitrile, trifluoroacetic acid (TFA), 
and Ribonuclease B (Sigma-Aldrich, St. Louis, MO), and CuCl2 (99%; Acros Organics, 
Morris Plains) were also used. All protein samples were prepared in 100% H2O with a 
concentration of 1 mg/mL.  
 
3.3.2  Analysis 
UHPLC analysis of Ribouclease B was performed using a Waters Acquity UPLC I-
Class system (Milford, MA) with UV absorbance detection. ICAAM columns and free-
particle columns from chapter two were compared. Solvent A was water with 0.1% TFA 
and solvent B was acetonitrile with 0.1% TFA. The gradient for each column was 75-60% 
B in 20 minutes (other gradients used can be found in supporting information). Absorbance 
was detected at λ = 215 nm. The flow rates were 100 μL/min and 150 μL/min. The column 




3.3.3  Procedure for ICAAM Column Packing 
 
Benzyl chloride particles were modified as described in chapter two. Following, benzyl 
chloride particles were suspended in acetonitrile with a concentration of 154mg/3mL. The 
particles were then slurry-packed into 2.1 mm x 3 cm stainless steel columns using a 
LabAlliance Series 1500 HPLC Pump (Laboratory Alliance of Central New York, LLC, 
Syracuse, NY) during sonication, following the procedure for packing free particles in 
chapter two.  
 
3.3.4  General Procedure for in Column AGET ATRP Modification (ICAAM) Using 
Flow 
 
Ten ICAAM columns were prepared with 2 having different reaction times. Particles 
chemically modified with benzyl chloride were packed into columns and then rinsed with 
75:25 % H2O:IPA for 10 min. An AGET ATRP solution containing 4.4 g acrylamide, 40 
mg copper chloride, 20 mg sodium ascorbate, and 80 µL Me6TREN was prepared. A 
capped 25 cm reservoir was filled with 4.5 mL of the AGET ATRP reaction solution. The 
reservoir was attached to the LabAlliance Series 1500 HPLC Pump, the cap was removed, 
and the benzyl chloride packed column was attached to the reservoir. The reaction solution 
was allowed to fill the column starting at a high flow rate (200 μL/min) until the reaction 
mixture dripped from the end of the column, which took about 1 minute. Then the flow 
rate was dropped in half (100 μL/min), and the polymerization reaction was allowed to 
proceed. A diagram of this setup can be found in the Appendix. Two columns were 
prepared with  reaction times of 20 min  and 40 min, and eight columns were prepared at 
55 min reaction times. Following polymerization, the columns were rinsed with water for 
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ten minutes at 100 μL/min. Monitoring the pressure conformed that the pores between the 
particles did not close for the longest of these reaction times, which is attributed to the 
slow, controlled growth of the polymer by AGET ATRP (Appendix, A.1).  
 
3.3.5  Procedure for in Column AGET ATRP Modification (ICAAM) by Stopping the 
Flow 
 
To test whether shear force plays a role, two columns were prepared under stopped 
flow conditions. The procedure follows the ICAAM procedure using flow. The difference 
is that once the flow rate was lowered to 100 μL/min, the reaction the flow rate was stopped 
after 5 min. The polymerization reaction was allowed to proceed for another 50 min and 
70 min. Following polymerization, the columns were rinsed with water for one hour at 100 
μL/min. 
 
3.4  Results and Discussion 
In chapter two, free particle columns, packed with pre-modified polymer particles, 
were shown to be have poor column to column reproducibility and column stability at high 
flow rates. The hypothesis is that the non-Newtonian behavior of polymer particles make 
them difficult to pack and the polymer layer between particles limits packing efficiency 
and stability. As a result, column to column reproducibility and column resolution 
decreases overtime. To eliminate these limitations a method of making polymer columns 
that anchor the particles together was evaluated. In this method the polymer layer is grown 
on the available particle surfaces that are already packed tightly and uniformly, in a column 
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under flow. These surfaces contain smaller functional groups allowing the particle surface 
to be in contact, ultimately anchoring each particle.  
To optimize the in column modification reaction time, three columns were prepared, 
20-minute, 40- minute, and 55-minute, Figure 3.2, for the evaluation of intact Ribonuclease 
B (RNase B). RNase B is a singly glycosylated protein with an N-linked branched glycan 
varying from five to nine mannose groups. In Figure 3.2, a longer modification time gives 
increased resolution of RNase B glycoforms. A longer modification time than 55 minutes 
was not investigated. 
To investigate whether the ICAAM and free-particle columns have similar thicknesses 
of polymer layers as 55-minute modification times, Fourier Transform Infrared (FTIR) 
spectra were taken for each type of particle. Figure 3.3 is FTIR spectra of benzyl chloride 
initiator bearing particles, free particles (free-particle), and ICAAM particles. The peak at 
1660 is the C=O stretch, and its shoulder at 1615 is a combination band of N-H bend and 
C-N stretch. The benzyl chloride particles lack the 1660 C=O stretch, consistent with the 
lack of acrylamide. The free-particle and ICAAM particles both have a peak at 1660 that 
overlay with comparable intensities. This indicates that the 55 min AGET ATRP reaction 
grows about the same amount of polymer on the surface for both free and ICAAM particles. 
The 1615 shoulder on the 1660 peak is expected to change its intensity based on the extend 
of amide hydrogen bonding.[10]  Since the free-particles have a slightly more intense peak 
compared to ICAAM, it is postulated that the amides between the two columns have 




Figure 3.4, depicts eight ICAAM columns. HILIC separations of intact Ribonuclease 
B were performed under the same conditions on each column and visible resolution was 
compared.  Out of eight columns evaluated, three columns demonstrated poor resolutions 
while five columns demonstrated acceptable resolutions. In contrast free particle columns 
exhibit six poor and three acceptable resolutions as discussed in figure 2.2 in chapter two. 
This indicates that packing columns with benzyl chloride particles, that have smaller 
functional groups improves packing reproducibility.   
Figures 3.5A – 3.5D depicts an overlay of the 1st, 20th, and 40th HILIC separations of 
Ribonuclease B for free particle and ICAAM columns at flow rates of 150 and 100 µL/min. 
As 150 µL/min was the maximum flow rate attainable by the UHPLC instrument before 
the maximum pressure was reached, 150 µL/min was the high flow rate used for 
comparison. Forty runs were the maximum number of runs that the free-particle column 
could withstand before evidence of polymer degradation was observed at 150 µL/min, thus 
this was the number chosen for comparison.  
Figure 3.5A shows that over time resolution significantly decreases for the free particle 
column at a high flow rate of 150 µL/min. Comparing Figures 3.5A and 3.5B, the ICAAM 
column under the same conditions conserves resolution and stability. In contrast, at a lower 
flow rate of 100 µL/min the resolution and column stability was conserved for both the 
free particle column, of Figure 3.5C and ICAAM column of Figure 3.5D. In addition to 
stability at high flow rate, the ICAAM column has higher resolution in comparison to the 
free particle columns. The gain in resolution for the ICAAM columns is due to the peak 
width rather than peak separation, which describes column packing. The smaller the sigma, 
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indicates a greater degree of packing efficiency. The sigma values for the ICAAM columns 
are overall smaller than the sigma values for the free-particle columns indicated in Figures 
3.5A-3.5D.  
Two hypotheses are investigated for explaining the increase in column stability at a 
higher flow rate observed for the ICAAM column compared to the free particle column. 
First, it is possible that over time uneven and/or loose polymer shears off the free particle  
columns stationary phase during separation runs. Thus, growing the polymer under flow, 
may shear off uneven or loose polymer during the modification reaction instead of during 
separation runs, contributing to the improvement in stability for ICAAM columns. Second 
by eliminating the bulky functional groups between the particles, the particles pack more 
uniformly and are anchored. Once the polymer is grown on this stable surface the particles 
are not affected by shear that the free-particle columns may experience.   
To investigate shear, ICAAM columns were developed without flow, Figure 3.6A and 
5B. In theory if flow shears uneven polymer chains, resulting in a gain in resolution and 
column stability, stopping the flow, eliminating shear should result in decreased resolution 
and column stability. Figures 3.6A, shows the RNase B separation on a 55-minute stop 
flow ICAAM column at 100 µL/min. When compared to Figure, 3.6C, a 55-minute flow 
ICAAM column the resolution is not comparable. Since the reaction is stopped we believe 
the reaction kinetics are slower, thus, a 75-minute stop flow column was compared, Figure 
3.6B. The 75-minute stop flow ICAAM column showed comparable resolution to the 55-
minute flow ICAAM column, Figure 3.6C.  
When comparing the gradient back pressure graphs between the 55- and 75- minute 
stop flow ICAAM columns, and the 55-min flow ICAAM column, Figure 3.7, at 100 
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µL/min, the initial back pressure agrees for the 75-minute stop flow and 55-minute flow 
ICAAM columns. This indicates that the 75-minute stop flow and 55-minute flow ICAAM 
columns have the same polymer chain length. In contrast the back pressures vary greatly 
between the 55-minute stop flow and flow ICAAM columns indicating different polymer 
chain lengths. Based on these results shearing of uneven and/or loose polymer during 
column modification is not the cause of increased stability for the flow ICAAM column.  
To investigate the theory that eliminating bulky functional groups between the particles   
will decrease intraparticle compression and polymer weakening that cause polymer to shear 
off the particle surface during separation runs, back pressure versus time graphs during 
separation runs were examined. It is hypothesized that the compression of the polymer 
between the free particle surface weaken the polymer, leaving the polymer more vulnerable 
to shear. If polymer shears off the particle surface than the back pressure will decrease 
overtime as the column free volume increases. This process would be accelerated at higher 
flow rates and cause quicker free-particle column degradation at high flow rates when 
compared to ICAAM columns that do not have weakened polymer between particles. Shear 
would not have a great effect on the free particle and ICAAM columns at lower flow rates 
as the shear force would not be as great and the pressure and free column volume would 
remain constant.  
When comparing the back pressure versus time graphs over forty separation runs for 
the free particle and ICAAM columns in Figure 3.8, the back pressure decreases with time 
for the free particle column at 150µL/min. We believe this decrease in pressure is only 
explained by polymer shearing off the silica surface. In contrast the back pressure remains 
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constant for the ICAAM column at both 150  and 100 µL/min and the free particle column 
at 100µL/min.  
This finding indicates that the stability and increase in resolution for the ICAAM 
column can be attributed to the solid surfaces being in contact with one another, thus 
anchoring each particle. This give rise to more stable paths and increased resolution 
because the particles are initially packed more efficiently and uniformly indicted by smaller 
sigma values and they are less affected by shear. The free particle column suffers in 
resolution and stability because the surfaces are not in contact due to the polymer chains 
between them. Therefore, the particles are not able to pack as efficiently and the polymer 
between particles is not stable and shears off under a high flowrate overtime 
 
3.5  Conclusion 
A new method for making polymer columns was developed.  This procedure grows 
polymer on particles that are packed into chromatographic columns, rather than packing 
pre-modified particles. This method is coined ICAAM, which offers several improvements 
over traditional ATRP modifications and HPLC column packing techniques. First, the 
AGET ATRP reaction is simple and does not require an oxygen free environment like 
traditional ATRP.  The ability to run the reaction in limited oxygen allows for a successful 
polymerization reaction inside the column. Second, the particle bed, that is packed prior to 
modification, achieves more homogeneous and anchored packing than pre-modified 
particles, which provides column to column reproducibility, stability, and increased 
resolution to ICAAM column
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ICAAM Free particles (FP) 
Figure 3.1: Black represents the benzyl chloride monolayer and orange represents the 
polyacrylamide brush layer. The bulky polymer between the pre-modified particles 
packed into the free-particle column lessens packed bed homogeneity. This does not 
occur when benzyl chloride (BC) silica particles are packed and then polymerized in 
the column. The BC particles are in direct contact, stabilizing the packed bed and 





















Figure 3.2: Chromatograms comparing ICAAM columns prepared with 
varying modification reaction times. Ribonuclease B separation runs at 215 
nm detection λ. Gradient 75-60% B in 20 min at 100 µL/min, 30°C, injection 
volume 2 µL. A) 20 min, B) 40 min, and C) 55 min modification times. 
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Figure 3.3:  FT-IR spectra of free particles (blue), ICAAM unpacked particles 
(pink), and benzyl chloride particles (red). The normalized peak is the siloxane 
group.  
 















































































































































Figure 3.4: Multiple ICAAM columns packed with AGET ATRP PAAm free 
particles. Gradients for chromatograms are 75-60% B in 20 min at varying flowrates, 
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Figure 3.5: Overlay chromatograms of the first, twentieth, and fortieth Ribonuclease 
B runs at 215 nm detection λ and calculated sigma values. Gradients for 
chromatograms are 75-60% B in 20 min at varying flowrates, 30°C, and injection 
volume 2 µL. A) Free particle column at 150 µL/min, B) ICAAM column 150 
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Figure 3.6: Chromatograms comparing the stop flow versus flow ICAAM 
columns Ribonuclease B runs at 215 nm detection λ. Gradients for 
chromatograms are 75-60% B in 20 min at 100 µL/min, 30°C, and injection 
volume 2 µL. A) 55 min stop flow column, B) 75 min stop flow column, 
and C) 55 min flow column. 
 





























































































Figure 3.7: Back pressure versus time graph during chromatographic 
separations for the stop flow and flow ICAAM columns. Gradient 75-
60% B in 20 min at 100 µL/min, 30°C, and injection volume 2 µL for 
all runs. A) 55 min stop flow column, B) 75 min stop flow column, and 
C) 55 min flow column. 
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 40th Run 
Figure 3.8: Back pressure versus time graph during first, twentieth, and fortieth 
chromatographic separations. Gradient 75-60% B in 20 min at varying flow rates, 
30°C, and injection volume 2 µL. A) Free particle column at 150 µL/min, B) ICAAM 
column at 150 µL/min, C) Free particle column at 100 µL/min, and D) ICAAM 











4.1 Next generation of ICAAM Columns 
Occasionally the 750 nm particles clog the frits in the ICAAM columns, thus, 1500 nm 
particles were evaluated to circumvent clogging. The 1500 nm columns were prepared 
under the same conditions of 750 nm flow ICAAM columns in chapter 3. The 1500 nm 
columns were optimized at varying gradient times, 10, 20, and 40 minutes, Figure 4.1.  
When compared to the ICAAM columns packed with 750 nm particles the 1500 nm 
ICAAM columns gave comparable resolution, Figure 4.2. The next phase is to further 
evaluate the stability of the 750 nm and 1500 nm ICAAM columns over an extended time 
period and proper storage conditions. Further, the in-column polymer method is being 
investigated for anion exchange (AEX) and hydrophobic interaction chromatography 
(HIC) columns in hopes to improve resolution and column stability for the advancement in 
charge variant and native protein drug studies 
The ICAAM columns will also be extended to disease biomarker applications.  
Glycoprotein alterations have been linked to disease progression, such as in cancer, making 
them good potential biomarkers such as prostate specific antigen (PSA). PSA will be 
evaluated on the ICAAM HILIC column.
58 
 
4.2 Ion-Exchange Chromatography 
The development of monoclonal antibodies is one of the fastest growing fields in the 
pharmaceutical industry. Due to their size (approximately 150 kDa) and complicated 
structures, monoclonal antibodies are susceptible to various kinds of undesired chemical 
alterations during the manufacturing process. These alterations can cause charge 
heterogeneity. Ion exchange chromatography (IEC) is commonly used to study charge 
heterogeneity of antibodies based on their affinity to the ion exchanger. IEC can be divided 
into cation exchange for monoclonal antibodies with an overall negative charge and anion 
exchange (AEX) for monoclonal antibodies with an overall positive charge.  
Our lab utilized AGET ATRP of 2-(diethylamino) ethyl methacrylate and acrylamide 
on the surface of 1.5 μm nonporous silica particles to create a highly efficient AEX column. 
These AEX free particle columns showed promising chromatographic performance for 
both ovalbumin and monoclonal antibody when evaluated and compared to a leading 
commercial weak anion exchange column. The columns are limited by column stability 
and have not reached their optimal resolution due to packing modified particles. To 
improve upon these limitations, the AEX will be evaluated using the ICAAM method.  
 
4.3 Hydrophobic Interaction Chromatography 
One critical need for better chromatography is in the development of antibody-drug 
conjugates (ADCs). Only a few ADCs have been approved by the FDA, and many ADCs 
are under development and in all phases of clinical trials. An ADC directs a toxic small-
molecule drug to cancer cells by covalently binding the toxic drug to a monoclonal 
antibody through a labile bond. [1] The intention is that the labile bond breaks inside the 
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cancer cell, but not before, to release the toxin where it is needed. ADCs have multiple 
binding sites, and each species potentially has different efficacy and toxicology. 
Characterizing the pharmacology requires that the native proteins are separated. 
Hydrophobic interaction chromatography uses columns packed with nonpolar polymer 
beads to separate ADCs based on how many drugs are conjugated.[2] The bands are 
typically too broad to fully separate all of the species, and some ADC candidates are too 
hydrophobic for current hydrophobic interaction chromatography columns. Decades of 
R&D in the chromatography industry have been devoted to RPLC because these are widely 
used for small-molecule drugs and for quality control of protein drugs. Better bonded 
phases for hydrophobic interaction chromatography is a challenge for silica based columns. 
As we explore different optimal hydrophobic interaction chromatography monomers, we 
are confident that our in-column modification method will be a crucial contributing factor 
that we can utilize to improve hydrophobic interaction chromatography columns.  
 
 
4.3 Reversed-Phase Liquid Chromatography  
RPLC columns are usually made with alkylsilane bonded phases, with the most 
common ones being chlorodimethyloctadecylsilane (C18) for small molecules and 
chlorooctylsilane (C8) for proteins. With ICAAM, we have made a novel bonded phase 
for RPLC using moderately hydrophobic polymer, with the idea that matching the 
dimension of the bonded phase to the size of the protein will give higher selectivity. The 
column indeed exhibits two-fold higher selectivity for monoclonal antibodies, 
specifically IgG2 and IgG4 variants, compared to the leading commercial C8 column. As 
with work presented in this dissertation, growth of the polymer in the column provides 
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4.5 Application of HILIC to Separate Glycoforms of Prostate Specific Antigen 
In living biological systems, glycosylation is the most common post-translational 
modification and at times can occur on the wrong position within the protein, resulting in 
disease such as cancer. One example is the glycosylation of prostate specific antigen 
(PSA), a current controversial biomarker for prostate cancer.[3] Currently serum levels of 
PSA are measured as an indication of prostate cancer. Recently the glycosylation of PSA 
is thought to be related to the progression of the disease.[3-5] This suggests that separating 
glycoforms can facilitate biomarker discovery and also improve the use of PSA as a 
glycoprotein biomarker.[3]  
Many glycoprotein samples, such as PSA, exist in complex mixtures and the current 
top-down proteomic methods used for the analysis of such glycoprotein samples are 
limited by the resolution and selectivity of glycoprotein separation prior to mass 
spectrometry analysis. This limits the amount of glycoprotein biomarkers currently used. 
Therefore, high-resolution techniques that are quick and compatible with mass 
spectrometry are needed to circumvent these limitations. Development of capillaries 
using ICAAM will provide the small volumes needed for analysis of the minute amounts 
of PSA in early aggressive prostate cancer, enable the separation of intact glycoforms of 
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Figure 4.1: Chromatograms comparing 1500 nm ICAAM columns 
Ribonuclease B separation runs at 215 nm detection λ, gradient 75-60% B 
varying times at 400 µL/min, 30°C, injection volume 2 µL. A) 10 min, B) 20 
















  Figure 4.2: Chromatograms comparing 1500 nm and 750 flow ICAAM 
columns Ribonuclease B separation runs at 215 nm detection λ. gradient 75-
60% B at varying times and flowrates 1, 30°C, injection volume 2 µL. A) 
1500 nm column at 40 min gradient at 400 µL/min, B) 750 nm column at 20 


























AGET ATRP Reaction Time (min)
Figure A.1: Back pressure versus ICAAM reaction time for 55 min. Pressure drop is 
from using a higher initial flow rate (200 µL/min) to fill the column with reaction 
solvent, followed by reducing the flowrate (100μL/min) to let the column react for 55 
minutes. Over the 55 min reaction time the growth of PAAm caused roughly a 7000 
psi increase in back pressure. The maximum pressure of the HPLC packing pump is 
18 kpsi. 
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On November 18, a relaxed, curious bundle of joy, named Alexis Huckabee entered 
the world. Alexis demonstrated an unusual interest in the human body.  I remember 
watching her observe blood flowing from her leg. Instead of crying and screaming, 
Alexis inquired about her situation and how to resolve it.  For her first Christmas, she 
received a medical bag, officially marking her journey in science.  
Throughout Alexis’s childhood she enjoyed using chemistry kits and microscopes to 
explore her environment. Science fairs were considered a challenge to be defeated each 
year. During summers in middle school, Alexis enrolled in various science programs at 
Moeller High School, and Mason High School to enhance her scientific knowledge.  She 
also attended Purdue University Engineering Camp and University of Cincinnati Math 
Enrichment Programs to cultivate her skills. 
Later, while attending Bowling Green University a professor encouraged Alexis to 
major in Chemistry and she did. Finally, Alexis recognized her talent and 
passion. Through the Ronald E. McNair program under her mentors Tracy Tabaczynski 
and Dr. Thomas Kinstle Alexis began her journey into research. Upon graduation she was 
given the opportunity by Dr. Mary Wirth a distinguish professor in the department of 
chemistry at Purdue University to continue learning and developing her skills as an 
analytical chemist. Dr. Wirth helped to mold Alexis into an ambitious, entrepreneur 
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minded, and independent scientist who not only wants to succeed but help others do the 
same.  
To this end, Alexis is excited to integrate her passion for chemistry and improving the 
quality of life through a career in consumer and consumer health products. She is seeking 
a position in which she can utilize her teamwork, interpersonal communication, decision 
making, critical thinking, and technical skills. Alexis also hopes to extend the mentorship 
she has received to helping other African American women and minorities achieve 
greatness as she did. 
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New Materials for UHPLC 
Analysis of Monoclonal 
Antibody Drugs and 
Antibody–Drug Conjugates
Alexis Huckabee, Jonathan Yasosky, 
and Mary J. Wirth
The separation of intact proteins plays 
many roles in drug discovery and devel-
opment: identification of drug targets, 
screening for drug candidates, qual-
ity control, and drug authentication. 
Various separation techniques are used, 
from immunoprecipitation to study 
a single protein of interest, through 
various types of column chromatogra-
phy for detecting a handful of proteins 
at once, all the way to proteomics for 
speed 2D LC separations may provide 
a means to achieve this goal, but this 
type of method does present a challenge 
because of the slower analysis times 
often associated with separations in two 
dimensions. 
As separation methods in combination 
with advanced MS technology bring us 
closer to the capability to characterize the 
complete human proteome, advancing 
these methods to achieve high sequence 
coverage will be essential. High sequence 
coverage in combination with good 
dynamic range will allow collection of 
information about isoforms and PTMs, 
information, which will be important to 
understand the function of proteins. 
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Figure 1: Two bonded phases that reduce silanol interactions: (a) self-assembled 
mixed silanes and (b) densely grown polymer chains tethered from silica. These im-
ages are not to scale; the polymer layer is typically about 10 times thicker than the 
C18 layer.
studying hundreds to thousands of pro-
teins. What all of these techniques and 
applications have in common is that the 
power of protein separations is limited 
by the fact that proteins are large, slowly 
diffusing, sticky molecules. 
There is a demand for even higher 
performance. One critical need for 
better chromatography is in the devel-
opment of antibody–drug conjugates 
(ADCs). Only a few ADCs have been 
approved by the US Food and Drug 
Administration (FDA), but many 
ADCs are under development and in 
all phases of clinical trials. An ADC 
directs a toxic small-molecule drug to 
cancer cells by covalently binding the 
toxic drug to a monoclonal antibody 
through a labile bond (1). The inten-
tion is that the labile bond breaks after 
the ADC is inside the cancer cell, but 
not before, to release the toxin where 
it is needed. ADCs have multiple bind-
ing sites, and each species potentially 
has different efficacy and toxicology. 
Therefore, it is necessary to determine 
to how many of these binding sites the 
drug has been attached. Hydrophobic 
interaction chromatography (HIC) uses 
columns packed with nonpolar polymer 
beads to separate ADCs based on how 
many drug molecules are conjugated to 
a given antibody (the drug–antibody 
ratio, or DAR) (2). The bands typically 
are too broad to fully separate all of the 
species, however, and some ADC can-
didates are too hydrophobic for current 
HIC columns. Decades of research and 
development (R&D) in the chromatog-
raphy industry have been devoted to 
reversed-phase liquid chromatography 
(LC) because this mode of LC is so 
widely used for small-molecule drugs 
and for quality control of protein drugs. 
Creating better bonded phases for HIC, 
however, is a challenge for silica-based 
columns because HIC uses a fully aque-
ous mobile phase and neutral pH. 
The bonded phase is a pervasive 
limitation to efficiency in monoclonal 
antibody separations. Another problem 
with monoclonal antibody separations 
is that silica particles having an average 
pore diameter of 300 Å do not allow 
full access to the surface area. The lim-
ited pore size also impedes intraparticle 
diffusion. Advances in the chromato-
graphic materials need to consider all of 
these issues. 
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Figure 2: Reversed-phase LC data for a monoclonal antibody and aggregates for a 
commercial column of fully porous sub-2-μm particles (black) and a capillary packed 
with 0.5-μm particles (red), each with a C4 bonded phase. Adapted with permission 
from reference 14.
Bonded Phases with 
Less Protein Adhesion
There are two approaches to reduc-
ing silanol activity in HIC columns 
that our group has considered. One is 
self-assembled monolayers for reversed-
phase separations, illustrated in Figure 
1a. These monolayers form a dense, 
two-dimensional net over the surface to 
improve reversed-phase LC separations 
of proteins (3). Since coulombic inter-
actions are long-range, any defects in 
the column produce the familiar tailing 
of mixed-mode chromatography tech-
niques, which is mitigated by low pH. 
The other approach, surface-confined 
atom-transfer radical polymerization, 
alleviates the coulombic interactions 
by growing a dense layer of tethered 
polymer chains that is thicker than the 
Debye length, as illustrated in Figure 1b, 
reducing long-range attractions between 
proteins and silica (4). Nonporous 
polymer particles with tethered poly-
mers as bonded phases (5) have been 
commercially available for some time. 
Despite their small surface area, these 
particles have been valuable for mono-
clonal antibody separations, includ-
ing ion-exchange chromatography and 
HIC, as mentioned earlier. Our group 
found that the bonded phase depicted 
in Figure 1b gives excellent hydrophilic-
interaction chromatography (HILIC), 
resolving the glycosylation states of 
ribonuclease B and providing partial 
resolution of their isomers (6). We are 
currently applying HILIC to monoclo-
nal antibodies to decrease analysis time 
for probing glycosylation. We are also 
investigating whether the combination 
of self-assembly and tethered polymer 
chains on silica can result in a better 
HIC bonded phase for ADC analysis. 
Morphologies to Decrease 
Diffusion Distance and 
Increase Accessible Surface Area
The most salient commercial advance 
in LC over the last 15 years has been 
the introduction of chromatographic 
particles that decrease the diffusion 
distances for mass transport. These 
include fully porous sub-2-μm par-
ticles (7), core–shell particles (8), and 
monolithic columns (9). Porous mate-
rials, regardless of morphology, will 
eventually approach the limit where 
the smaller particle size (or smaller shell 
thickness) approaches the diameter of 
the larger colloids needed to produce 
wider pore sizes (10). Sphere-on-sphere 
particles, which are core–shell particles 
with a single layer of large colloids 
(11), embody this idea. As this limit is 
approached for fully porous particles, it 
makes sense to consider using the col-
loids themselves as the packing material. 
We have studied capillaries packed 
with 0.5-μm nonporous silica particles 
with C4 bonded phases, packed in cap-
illaries. The accessible surface area for 
large proteins is quite high, falling in 
between those of core–shell particles 
and fully porous particles, each for a 
300-Å pore size (12). The back pressure 
is alleviated by the presence of slip f low 
for reversed-phase LC (13), enabling col-
umn lengths of at least 10 cm for com-
mercial high-pressure chromatography 
instruments. Colloidal particles pack 
more tightly than standard particles, 
obstructing the axial diffusion about 
twofold more. This tighter packing 
gives rise to a higher velocity inside the 
column, which makes the optimal vol-
ume flow rate slower, further alleviating 
back pressure. Uniform packing results 
in negligible eddy dispersion. With no 
intraparticle diffusion, lower obstructed 
diffusion, and lower eddy dispersion, all 
three terms in the van Deemter equa-
tion are thus smaller. Barring effects 
from strong adsorption of proteins, the 
van Deemter equation predicts submi-
crometer plate height for proteins.
We observed submicrometer plate 
heights for protein separations using 
0.5-μm particles (12,13,15). Plate 
heights were as small as 15 nm and 
the plate number was in excess of 106 
for a 2-min separation of proteins (13). 
In this case, self-assembly was used to 
produce a mixed C4–C1 bonded phase, 
injection was done by diffusing the 
protein into the head of the column to 
avoid contact between metal parts and 
protein, and on-column detection was 
used. For more-routine applications, 
Figure 2 shows an example separation 
where a commercial auto-injector was 
used, with the same bonded phase and 
on-column detection. An IgG4 mono-
clonal antibody drug and its two aggre-
gates were resolved well in a short 1-cm 
separation length at room temperature, 
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whereas a 5-cm long column of fully 
porous particles did not resolve the 
three species. 
HIC columns will likely enjoy a boost 
in f low rate from slip f low when used 
with submicrometer particles. The next 
goals are to extend the performance 
seen in Figure 2 to 2.1-mm i.d. stain-
less steel columns for reversed-phase LC, 
and combine this advance with a new 
polymeric bonded phase on silica for 
HIC of ADCs. 
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Reconsidering HIC for 
Top-Down Proteomics
Andrew J. Alpert
Until recently, mass spectrometry (MS) 
was limited in the information it could 
supply regarding proteins larger than 40 
kDa. The most recent instruments have 
broken through that limit, but proteins 
smaller than 40 kDa are still more easily 
detected in MS and can suppress the col-
lection of data from larger proteins. This 
situation has created a demand for better 
separation of proteins upstream from the 
MS orifice to facilitate top-down pro-
teomics. At present, though, this separa-
tion of proteins is something of a bottle-
neck. Methods such as reversed-phase 
liquid chromatography (LC) that involve 
mobile phases compatible with MS are 
not compatible with many proteins. With 
those mobile- and stationary-phase com-
binations, the proteins may be eluted in 
peaks 15-min wide or not at all (1,2). The 
conditions also tend to cause the loss of 
protein three-dimensional structure, pre-
cluding analysis of protein complexes. 
Alternative modes of chromatography 
for protein analysis include the following:
t Size-exclusion chromatography:
Size-exclusion chromatography is 
helpful in separating large proteins 
from small ones but is otherwise a 
low-resolution method.
t  Ion-exchange chromatography: 
Ion-exchange chromatography is a 
high-resolution mode but generally 
requires more salt than a mass spec-
trometer can cope with.
t Hydrophilic-interaction chromatog-
raphy (HILIC): HILIC has been used 
successfully for proteins that do not 
normally occur free in aqueous solu-
tion, such as histones (3), membrane 
proteins (4), and apolipoproteins (5). 
However, the high concentration of 
organic solvent required probably pre-
cludes its more general use.
t Hydrophobic interaction chro-
matography (HIC): HIC involves 
a gradient from a high to low 
concentration of salt, and the best-
performing salts are nonvolatile. This 
condition would seem to eliminate it 
from consideration for protein sepa-
rations online with MS. However, 
HIC separates proteins with high 
resolution, based on differences in 
the hydrophobicity of the surface of 
their tertiary structures. HIC is non-
denaturing and extremely sensitive 
to differences in protein composi-
tion. Accordingly, we decided to take 
another look at HIC (6).
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Figure 1: Retention of ribonuclease A (RNAse) and chymotrypsinogen (CHYGEN) on 
various columns. Columns: 100 mm × 4.6 mm, 3-μm dp, 1500-Å (coating as shown); 
mobile-phase A: 1 M ammonium acetate; mobile-phase B: 20 mM ammonium ac-
etate with 50% acetonitrile; gradient: 15-min linear, 0–100% B; fl ow rate: 1 mL/min; 
detection: 280 nm. (Adapted with permission from reference 6.)
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